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ABSTRACT 



Context. Doppler tomography of emission line profiles in low mass X-ray binaries allows us to disentangle the different emission 
sites and study the structure and variability of accretion disks. 

Aims. We present UVES high-resolution spectroscopic observations of the black hole binary A0620-00 at quiescence. 
Methods. These spectroscopic data constrain the orbital parameters P^ib = 0.32301405(1) d and K2 = 437.1 ±2.0 km s"'. These values, 
together with the mass ratio g = M2/M1 = 0.062±0.010, imply a minimum mass for the compact object of Mj sin^^ / = 3.15 + O.lOMo, 
consistent with previous works. 

Results. The Ha emission from the accretion disk is much weaker than in previous studies, possibly due to a decrease in disk activity. 
Doppler imaging of the Ha line shows for the first time a narrow component coming from the secondary star, with an observed 
equivalent width of 1.4 ± 0.3 A, perhaps associated to chromospheric activity. Subtracting a K-type template star and correcting for 
the veiling of the accretion disk yields to an equivalent width of 2.8 ± 0.3 A. A bright hot-spot is also detected at the position where 
the gas stream trajectory intercepts with the accretion disk. 

Conclusions. The Ha flux associated to the secondary star is too large to be powered by X-ray irradiation. It is comparable to those 
observed in RS CVn binaries with similar orbital periods and, therefore, is probably triggered by the rapid stellar rotation. 
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1. Introduction 
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The black hole binary A0620-00 (V616 Mon) is one of the most 
studied low mass X-ray binaries (LMXBs), considered as the 
prototype soft X-ray transient ( SXT). It was discovered in 1975 
, by the Ariel 5 (lElvis et al.lll975h satellite during a X-ray outburst 
■ where the optical brightness of the system increased by roughly 
' 6 mag in few days. One year and several months after the system 
returned to its quiescent state at my ~ 18.35 mag. The spectrum 
of a stellar counter part was then identi fied and classified as a 
, K5V-K7V star (.Okail977l:lMurdin et al.lfT98ai . Further spectro- 
. scopic observations allowed the deter mination of the orbital pe- 
riod of the secondary star at ~ 7.75 hr ("Mc Clintock & Remillard' 
1986) which im plied the presence of a black hole of minimun 
mass ~ 3.1 Mo dMarsh et al.lll994 . 

The orbital inclination of the system was later estimated 
from IR light curves at ~ 41° implying a primary black hole 
mass of 11.0 + 1.9 Mq (GeHno et al. 2001, see also Shahbaz, 
Naylor & Charles 1994). However, this study adopts a K4V 
stellar component with Tgs ~ 4600 K, 300 K cooler than 
the elfective temperature T^ff = 4900 + 100 K derived by 
[Gonzalez Hernandez et al. (2004) from high-resolution optical 
spectroscopic observations. This may affect the required veil- 
ing in the IR, and consequently, the derived i nclination and 
black hole mass (iHvnes et al.ll2005h . Furthermore. lCantrell et alJ 
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* Based on observations obtained with UVES at VLT Kueyen 8.2 m 
telescope in programme 66.D-0157(A) 



(1201 oh present evidence for substantial disk contamination in 
their IR light curves and find / = 5 1 + 1 ° which translates into 
a lower black hole mass of 6.6 + 0.3 M© . On the other hand, 
contradicto ry results have been reported using low-resolution 
IR spectra. [Harrison et al.l (l2007l) find a v ery small or negligi- 
ble disk veiling at IR wavelengths whereas IFroning et al.l (|2007|) 
conclude that it can be 18% in the H band. The latter also ar- 
gue that Teff < 4600 K is needed to fit their observations. 
However, we must note here that most studies just adopt a 
Teff based on spectral classification, derived through comparison 
with low resolution template spectra, without determining the 
true Teff of the template (Hynes et al. 2005). A similar inconsis- 
tency has been found for the black hole binary XTE Jl 1 18-1-480 
for which 'Gelino et al" ( 200 6) adopted a Teft - 4250 K where 
Gonzalez Hernand ez et al.l ( 2006, 20()8b) derive a spectroscopic 
Teff of 4700+ 100 K. 

The accretion disk of A 0620-00 has b een studied in the 
UV dMcChntock et al.|[T995l) and the optical (iMarsh et al.lll994l: 
lOrosz et alT 1994 ). allowing the investigation of the inner and 
outer disk. Both works in the UV and optical seem to agree 
that the accretion disk is in a true quiescent state. However, this 
does not mean that the disk is inactive and probably its vari- 
ability appears to b e relevan t ( Shahbaz et al.l20(j4tlCantrell et al.l 
:2008, 2010). Shah baz et al](l2004 also suggested that the accre- 
tion disk in A0620-00 could be eccentric which may have been 
confirm ed by more recent observations reported by Neilsen et al] 
(l2008h . As pointed out by these authors, to determine the definite 
mass of the compact object, it is very important to understand the 
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Structure and variab iHty of the accretion disk as exemphfied by 
ICantreU et alJdMol) . 

Here we present high-resolution spectroscopy of A0620-00 
where we detect clear emission arising from the secondary 
star in the Ha Doppler map. This feature has only been ob- 
served before in the systerns GU Mus (Casares et al. 1997p, 
Nova Oph 77 (Harlaftis etal.ll997h . Cen X-4 (Torres et al. 200l 
P'Ay anzo et al. 2005) and Nova Scorpii 1994 (Shahbazet aD 
19991) . These data also allows us to revisit the orbital parame- 



ters of the system, which we find to be consistent with previous 
studies. 



2. Observations 

We obtained 20 spectra of A0620-00 with the UV- Visual Echelle 
Spectrograph (UVES) at the European Southern Observatory 
(ESO), Observatorio Cerro Paranal (Chile), using the 8.2 m 
Very Large Telescope (VLT) on 5, 17 and 21 December 2000, 
covering the spectral regions /1/14800-5800 A and ^^5800-6800 
A at resolving power AjSA ~ 43, 000, with a dispersion of 0.029 
and 0.035 A pixel ' for the blue and red arms, respectively. The 
total exposure time was 2.9 hours. The spectra were reduced in a 
standard manner using the UVES reduction package within the 
MIDAS environment. The exposure time was fixed at ~ 500 s 
to minimize the effects of orbital smearing which, for the orbital 
parameters of A0620-00, is in the range 2-54 km s"' , and there- 
fore, in some cases, is larger than the instrumental resolution 
of ~ 7 kms The signal-to-noise ratio per pixel in the indi- 
vidual spectra is ~ 4 and 8 in continuum regions close to the 
Hj6 and Ha lines, respectively. Thus the spectra were binned in 
wavelength with steps of 0.1 A pixel"', increasing the S/N~6 
and 12 at Hfi and Ha, respectively. In this paper, we also use the 
K3-K4.5V template star HD209100, observed on 12 November 
2000 with the Coralie spectrograph, installed on the 1 .2m Euler 
Swiss Telescope at the ESO La Silla Observatory (Chile), with 
a spectral resolution of AjSA ~ 50, 000. This spectrum was re- 
binned to the same step and degraded to the same resolution of 
the spectra of A0620-00. 

2.1. Revised orbital parameters 

We extracted the radial velocities by cross-correlating each 
UVES spectrum of the target with the K3-4.5V template spec- 
trum of HD209100, using the software MOLLY developed by T. 
R. Marsh. 

Here we have concentrated in the H/? spectra only, which 
cover the spectral regions /1/14800-5800 A, because they con- 
tain a larger number of metallic absorption lines for the cross- 
correlation and hence provide smaller errorbars by a factor of 2. 
In any case, the result of cross-correlating the Ha spectra yield 
identical results. Prior to the cross-correlation, the template spec- 
trum was rotationally broadened by 96 km s"' to match the ro- 
tational velocity of the donor star (see Section l272l i. 

A sine wave fit, V - K2sm[2n(t - Tq)/P], to the 
obtained velocities yields the following orbital solution (see 
Fig.[B: r = 8.5 ± 1.8 kms"', K2 = 437.1 + 2.0 km s"', and 
To = 2,451,883.0313 + 0.0002 d, where Tq is defined as the 
heliocentric time of the inferior conjunction of the companion 
sta r. The orbital period was initial ly set to the value reported 
by Mc Clintock & R emillard (1986") and subsequently refined to 
Porb = 0.32301405 ±0.00000001 d af ter dividing the diff erence 
between our To and the one quoted bv lOrosz et al.l d 19941) by an 
integer number of cycles (17957). The quoted uncertainties are 



at Icr and we have rescaled the errors by a factor 1.4 so that the 
minimum reduced j^'^ is 1.0. 

This orbital period, P, together with the velocity amplitude 
of the orbital motion of the secondary star, K2, leads to a mass 
function of /(M) = PKljlnG = 2.79 + 0.04 Mq. Our value is 
consistent at the Icr level with pr evious results by Marsh et al.l 
(11994 . f(M) = 2.71 + 0.06) and iNeilsen etaP (l2008l fCM) ^ 
2.76 + 0.01). 

The derived radial velocity of the center of mass of the sys- 
tem also agre es at the Icr with previous studies (e.g. 7 = 4 + 2 
kms Mars h et al] 1 1 9941) . Note that our high-resolution data 
has a factor greater than 10 better spectral resolut ion than all 
previo us dat a. For instance , the st udies presented bv Marsh et al.l 
(119941) and iNeilsen et al.l (l2008h used spectra with a resolv- 
ing pow er of 70 an d 130 kms"', respectively. Despite this, 
Neilsen e t al.l (l2008h provides a significantly lower uncertainty 
for the semiamplitude velocity of 0.5 km s"' given their resolv- 
ing power. This is because our orbital coverage is much less 
complete than previous studies, specially around orbital phase 
0.75. 




0.4 o.t 

Orbital Phase 

Fig. 1. Top panel: radial velocities of the secondary star in A0620-00 
folded on the orbital solution of the data with best fitting sinusoid. 
Individual velocity errors are < 3 km s"' and are not plotted because 
they are always smaller than the symbol size. Bottom panel: residuals 
of the fit toghether with the individual errors which have been rescaled 
by a factor 1.4 so that the minimum reduced is 1.0. 



2.2. Rotational velocity 



Following iMarsh et"an d 19941) . we also computed the optimal 

V sin / by subtracting broadened versions of the template star, in 
steps of 1 km s"', and minimizing the residual. We used a spher- 
ical rotational profile with linearized limb-darkening e = 0.81, 
whic h is appropriate for the stellar parameters of the donor 
star ( iGonzalez Hernandez et al.ll2004l) and our wavelength range 
~ 5250 A ('Al- Nainuvlll978h . The best fit coiTesponds to a 

V sin / = 96 + 0.8 km s~'but the error is purely formal since it 
does not account for systematics due to our choice of e which 
is adecuate for t he continuum but likely overestimated for the 
absorption lines (ICoUins & TruaxlFl995b . In an attempt to de- 
rive a more realistic error, we have also computed the rotational 
broadening for the extreme case e = and find v sin / = 87 + 0.7 
km s"' . A more conservative value is then provided by the mean 
of the two determinations i.e. vsin/ = 92 + 5 kms"'. As a re- 
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suit of the optimal subtraction we also find that the donor star 
contributes ~ 80% to the total light in the H/3 region and ~85% 
in the Ha region. At this point we note that the absorption fea- 
tures of the secondary star can be smeared by as much as 53 
km s^' according to the length of the exposure times and the or- 
bital phase of the observations. We have also tried to correct for 
this by simulating the smearing in the template spectrum accord- 
ing to Casares et al. ( 1997) but found that the effect is completely 
negligible. 

In the case of tidally locked Roche lobe filling stars, the ro- 
tational velocity relates to the velocity semiamplitude, K2, and 
the mass ratio, q - M2/M1 = K1/ K2, through the expr ession 
vsin/ ^ 0.462/^2^1/^1 + qf^^ (e.g. lWade & Horndfim.) . Our 
derived rotational velocity, combined with our value of K2, im- 
plies a binary mass ratio q - M2/M1 - 0.081 + 0.010. However, 
due to the Roche lobe geometry, vsin / displays a ~10% mod- 
ulati on with maxima at the orbital quadratures (ICasares et al.l 
11996) . Most of our spectra are located at orbital phases around 
0.25 and hence our previous determination is likely to be over- 
estimated by a factor ~5% which would make it consistent 
with Marsh et al. (1994) and Neilsen et al. (2008 ). The refore, we 
think that the value provided by iMarsh et al.l d 19941) . v sin / - 
83 + 5, is more realistic. Using this result and our value for 
K2, we obtain q = . 062 + 0.010, which is the same value 
given in iNeilsen et al.l (l2008l) . This, combined with the mass 
function, provides a minimum mass for the compact object of 
Ml sin^ / = f(M) * (1 + qf = 3.15 + 0.10 Mq. 




0.0 0.2 0.4 0.6 0.8 1.0 

Orbital Phase 



Fig. 2. Equivalent width of Ho- profiles of the 20 UVES spectra of 
A0620-00 versus orbital phase of the secondary star. The solid line is 
the solution of . Marsh et aL (1994) for comparison. 



3. Ellipsoidal variations of the Ha line 

We have determined the equivalent width (EW) of Ho- profiles 
for the 20 UVES spectra of A0620-00 by adding numerically the 
normalized fluxes multiplied by the wavelength step. In Fig. |2] 
we depict the evolution of the EW of Ha with orbital phase. 
The error bars were determined by measuring the change in EW 
from varying the continuum location according to the S/N ratio 
in the continuum regions. Despite our limited phase coverage, 
the orbi tal variation of the EWs hints at the ell i psoida l varibility 
seen by IMarsh et all ( IT994I) and lNeilsen et all (l2008h due to the 
dominance of the donor star's light. 



We have also displayed for comparison the solution of the fi t 
to a sinusoid plus a constant to the data of iMarsh et al.l (Il994l) . 
EW(A) = 61.4 + 7. 8cos47r0. Our mea n EW is 43 A, signif- 
icantly lower than in iMarsh et"an (1 19941) . whose spectroscopic 
d ata were obta ined in December 1991, and much lower than that 
in lNeilsen et a l. (2008), whose data were obtained in December 
2006. This may be due to an increase in the continuum from the 
accretion disk, a decrease in the Ha flux or a combination of 
the two. Despite being in quiescence, A0620-00 shows signif- 
icant variability and different states associated with changes in 
disk activity (e.g. Cantrell et al. 2008). Therefore, the lower EW 
seen in our spectra with respect to previous studies could well 
be associated to a different level of accretion disk activity. The 
relative contribution of the accretion disk to the continuum in th e 
Ha region is ~15% in our data and ~6% in Ma rsh et a D(|i993). 
This, combined with the variation in EWs between the two data 
sets, implies t hat the Ha flux ha s droppe d ~ 33% in our data 
with respect to lMarsh et aP (11994 . In fact. lCantrell et alJ (l2008l) 
find that A0620-00 was in a lower level of activity (what they 
called "passive" state) most of the time between December 1999 
and December 2003. Our observations were taken in December 
2000, when the system was in the "passive" state and this seems 
to be the reason for the low level of Ha flux that we see. 



4. Doppler images of Ha and H/J 

We have used Doppler tomography dMarsh & Hornel[l988l) to 
map the Ha and H/3 emission in A0620-00. By combining the 
orbitally-resolved line profiles we are able to reconstruct the 
brightness distribution of the system in velocity space. The result 
is displayed in Fig. [3] The Doppler maps were built by combin- 
ing the 20 profiles. The spectra of Ha and H/3 were continuum 
subtracted, leaving the pure line emission, and rebinned to a ve- 
locity scale of 9 km s 'per pixel. The top panels show trailed 
spectra and the bottom panels the corresponding Doppler im- 
ages. The location of the main components in the system, such 
as the Roche lobe of the secondary star and the predicted gas 
stream trajectory and the Keplerian trajectory of the disk along 
the stream are indicated. These tracks were calculated adopting 
the values K2 ~ 437 km s"' and q = M2/M1 ~ 0.06. 

Although the disk activity seems to be lower than in previous 
studies (see Section|3]l, we can see a clear detection of the bright 
spot between the velocity trajectories of the gas st ream and of 
the disk along the stream, as previously reported in lMarsh et al.l 
( 1994); Neilsen et al. (2008) and in other systems. 

We must note that the Doppler maps shown in Fig. [3] were 
constructed without subtracting any K-type template spectrum 
from the original data. We note here the presence of intense 
Ha emission exactly at the position of the secondary star. The 
emission coming from the secondary star can be also identified 
through the short tracks of the expected S-wave emission on the 
trailed spectrogram. 

The HyS Doppler map also shows emission around the posi- 
tion of the Roche lobe but it is less clear. The S/N of the spectra 
at Hp is significantly lower and the line is also close the edge of 
the CCD which makes this map somewhat uncertain. 

5. Narrow Ha component emission from the 
secondary star 

ICasares et al.l (1 19971) already found a narrow Ha emission line 
associated to the donor star in the spectra of the black hole bi- 
nary Nova Muscae 1991. This line was tentatively associated 
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Velocity (km/s) Velocity (km/s) 

Fig. 3. Doppler images of Ha and H/J of the UVES spectroscopic data. The trailed spectra are displayed in the top panels where several gaps in 
phase appear because the observations were taken in three different nights. Doppler images are depicted in the bottom panels. The predicted ve- 
locities of the gas stream (which starts from the inner Lagrangian point) and of the disk along the gas stream are plotted for Ki = 437. 1 km s"' and 
q = M2/M1 = 0.062. Asterisks mark turning points in distance from the compact object. Circles have been plotted every 0.1 Rli, and dots every 
0.01 Rli along the streams. 



to chromospheric activity of the secondary star in this system. 
It is known that rapidly rotating stars as young T-Tauri stars 
(e.g. lAppenzeller & Mundt 1989 ) and/or old, non-i nteracting RS 
CVn binaries (e.g. ,Herbig.,1985i:lFekel et al.lll986h show a high 
level of chromospheric activity, with significant filUng-in of the 
Ha core and, occasionally, reversal into emission. Rapidly ro- 
tating and convective stars are capable of manifesting su rface 
magnetic fields through the dynamo process (lParkeij|1955h . The 
induced magnetic fields lead to confinement and heating of 
plasma, which produce chromospheric and coronal emissions 
(e.g Can H and K lines. Ha and X-rays). Observations of these 
phenomena in solar type stars have shown that the chromo- 
spher ic activity increases with rotation rate (e.g. iNoves et"an 
[l98l . 

Companion stars of X-ray transients are tidally locked, with 
short orbital periods and, therefore, large rotational velocities. 
Thus, it is not surprinsing that the secondary star in A0620-00, 



with vsin/ ~ 83 kms ', is chromospherically active. However, 
this is the first time that chromospheric emission from the sec- 
ondary star has been clearly detected in this system before 
subtracting the spectrum of a template K-type star Note that 
iMarsh etaH (|T994j) do detect a narrow S-wave in their trailed 
spectra but only after subtracting the template star, which, as a 
matter of fact, provides a limit on the chromospheric emission 
set by the equivalent width of the Ha absorption in the template 
star The reason this chromospheric component has not been de- 
tected in previous studies seems to hold on variability arguments, 
perhaps related to the low level of accretion disc activity seen 
in our data (which ortherwise might somehow dilute the chro- 
mospheric component) or simply due to variations in the donor 
star's activity (magnetic cycles). 

We attempted to detrend the narrow Ha component from 
the broad underlying accretion disk contribution. The K3-4.5V 
template spectrum used in this work shows an Ha line in ab- 
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Fig. 4. Isolating the Ha narrow component in emission coming from the secondary star in A0620-00 from the Ho- profiles of the accretion disk. 
The spectra displayed are from top to bottom: (a) Average Ha profile in the rest frame of the system center-of-mass; (b) Doppler-corrected average 
of the spectrum (1) in the rest frame of the secondary star; (c) Doppler corrected average spectrum of the secondary star;(d)=(c)-(b) spectrum of 
the secondary star without emission lines from the accretion disk, showing the narrow emission Ha component of the secondary star; (e) spectrum 
of the K-type template star properly broadened; and (f)=(d)-0.76(e) is chromospheric spectrum of the secondary star. Arbitrary offsets have been 
applied to the spectra for the sake of clarity. 



sorption of ~ 1.3 - 1.4 A. This could be considered as a lower 
limit to the EW of the chromospheric emission of the secondary 
star in A0620-00. In fact, the derived effective temperature of 
Jeff ~ 4900 K by Gonzalez Hernandez et al. (2004) favours a 
slightly earlier spectral type, i.e. K2V, which would shift this 
limit up to 1.4-1.5 A. 

In the Doppler corrected average of the 20 spectra of the sys- 
tem, this narrow component appears as a naiTow feature on top of 
the broad doubled-peak Ha emission produced by the accretion 
disk (see spectrum (c) of Fig. I?]). The emission of the accretion 
disk can be approximated by a Doppler-shifted average (in the 
rest frame of system center-of-mass) of the double-peaked pro- 
file (spectrum (a) of Fig.|4|i. This is not exactly the real accretion 
disk emission profile since it also contains the smeared S-wave 
component of the secondary star. We then shifted in velocity 20 
versions of spectrum (a) to the rest frame of the secondary star at 
the given phase of each individual spectrum and computed again 
the average using the same weights as before. The resulting pro- 
file (spectrum (b) of Fig. |4|i was subsequently subtracted from 
the original Doppler coiTected average, i.e. spectrum (c), leaving 
completely isolated the narrow Ha component associated with 
the secondary star (spectrum (d) of Fig. H)). After this subtrac- 
tion we added a constant value equal to 1 since the continuum 
level of the resulting spectrum was at zero. We did this to avoid 



to work with negative spectral points. We performed a second 
iteration of the whole process by firstly subtracting each origi- 
nal spectrum by spectrum (d), properly coiTected by the star's 
velocity at each orbital phase, in order to eliminate the smeared 
naiTow component of the secondary star from the profiles (a) and 
(b). In fact, the spectra displayed in Fig. |4] shows the results of 
this last iteration. 



The spectrum (d) of Fig. |4] is the normalized spectrum of the 
secondary star without the accretion disk contribution. We mea- 
sure the equivalent width of the narrow Ha component from the 
secondary star in this spectrum to be 1 .40 + 0.29 A. The error 
bar has been estimated by changing the position of the contin- 
uum, taking into account the S/N ratio of the spectrum of the sec- 
ondary star In order to measure the real chromospheric emission 
Ha line, one needs to subtract the photospheric componen t using 
a tem plate star with the same spectral type (see e.g. Monie s et al.l 
. We then subtracted a K-type template star properly broad- 
ened (spectrum (e)) and scaled by a veiling factor of 0.76, and 
find an EW of 2.15 ± 0.26 A (spectrum (f)), which has to be 
coiTected for the same veiling factor, leading to a final value of 
EW(Hq') = 2.82 + 0.34 A. 
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Table 1. Ha fluxes and equivalent widths, and Rossby numbers of the LMXBs displayed in Fig.|5l 



Object 


EWQiay 






\ogF(lia) 


logRiKa) 


T '' 


^"0* 


log.Ro 


Refs.'' 




[A] 


[K] 


[dex] 


[10'' ergcm"^ s"'] 


[dex] 


[days] 


[days] 


[dex] 




A0620-00 


2.82 ± 0.34 


4900 ± 100 


4.2 


6.95 + 0.05 


-3.57 + 0.06 


22.7 


0.32 


-1.85 


1,2 


Nova Muscae 1991 


3.65 ± 0.32 


4500 + 100'' 


4.1'' 


6.89 ± 0.08 


-3.48 ± 0.09 


24.6 


0.43 


-1.74 


3,4 


Cen 


2.27 ± 0.67 


4500 ± 100 


3.9 


6.68 + 0.11 


-3.68 + 0.12 


24.7 


0.63 


-1.58 


5,6 


Cen X-4' 


4.40 ± 0.50 


4500 ± 100 


3.9 


6.96 ± 0.05 


-3.40 + 0.06 


24.7 


0.63 


-1.58 


6,7 


Nova Scorpii 1994 


10.0 ± 0.50 


6100 ± 100 


3.7 


7.92 ± 0.02 


-2.97 ± 0.04 


7.6 


2.62 


-0.60 


8,9,10 



Corrected equivalent width of narrow Ha component of the secondary star. 

Convective turnover time derived from the equations in Noyes et al. (1984) for dwarfs stars and using the turnover times given in lBasril il987t) 

for subgiant and giant stars^ 

References: (1) Gonzalezlfemandez et all (120041), (2) iMcClintock & Remillarl (119861), (3) ICasares etafl dl997t), (4) iRemillard etafl 



Gonzalez Hernandez et^ d2005t) , (7) iD'Avanzo etll\ d2005h . (8) IShahbaz et all d 19991) . (9) 
van der Hooft et al. (1998 



dl992f). (5 ) Torres etal. (2002_^ 
iGonzalezHernandez et al. (2008a 

Adopted values according to the ef fective temperature and surface gravity for the spectral type and orbital period. 
Ha equivalent width obtained from 
Ho- equivalent width obtained from 



Torres etalJd2002l) 
D' Avanzo et al.l d2005l) 



6. Discussion 



IStrassmeier et alj (Il990h measured the Ha EWs of a sample of 
F6-M2 single and binary stars, showing that the Ha EW in- 
creases towards shorter rotation periods, P. Extrapolation of this 
trend EW vs. P at the orbital period of A0620-00 provides an 
expected EW of ~ 2.3 A, assuming that the secondary star is 
a dwarf main-sequence star and its rotation is sychronized with 
the orbital motion. This EW is marginally consistent (at 1.5cr) 
with the observed EW of the secondary star However, the ex- 
trapolation might not be adequate since chromospheric features 
powered by rotation typically saturates for period shorter than 1- 
3 days (e.g. iCardini & Cassatella.2007. for chromospheric Mgii 
lines). 
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Fig. 5. Chromospheric flux ratios vs Rossby numbers of chromospheri- 
cally active single stars from lLopez-Santiago et alJd2010L in press, filled 
circles) and chromospherically active binary systems (RS CVn and BY 
Dra classes) from Monies et al. ( 1995, open circles). Low mass X-ray 
binaries are also depicted: A0620-00 (diamond), Nova Muscae 1991 
(square), Cen X-4 (filled triangle, from Torres et al. 2002; open triangle, 
from D'avanzo et al. 2005), and Nova Scorpii 1994 (inverted triangle). 



We can also compare the H a EW, converted into flux fol- 
lowing the approach of Soderb lom et alj ( Il993h . with the ob- 
servations of field stars and binaries. Thus, the Ha flux at the 



stellar surface, is Fua = 8.8 + 1.1 x 10^ erg cm ^ s ' (see 
Tab le [T|). We use a s imilar prescription than that of Equation 2 
in Soderblom et al.l (Il993h . i.e. Fua = EW(Ha)Fc, where is 
Fc is the continuum flux at Ha and is derived using the flux 
calibration of |Ha3 [l99^ . logF^ = 7.538 - 1.081 (B - V)q. 
Here we have used (B - V)o - 0.965 estimated from theoreti- 
cal colours (Bessell et al. 1998) according to the stell ar parame- 
ters of the secondary star ( Gonzalez Hernandez et ali2004) . The 
surface flux is usually normalized to the bolometric flux, i.e. 
Rho = Fua/o'T^^. The connection between chromospheric ac- 
tivity and rotation is obtained by studying the correlation Rua 
with the Rossby number Rq - P/tc < 2;7r/?*/T(.vsin/, where 
Tc is the convective turnover time, P, the rotation period of the 
secondary star and its radius. Using the Rossby number is 
usually preferred over P and v sin / since it does not depend on 
the mass of the star. 

For the case of A0620-00 we adopt T^ff = 4900 K 
dGonzalez Hernandez et al.ll2004l). P ^ P-^^^ = 0-32 d and ~ 
23 d, computed from Eq. ("41 of fNoves et all (11984 . We derive 
log Rua = -3.57 + 0.06 and log Rq = -1.85, and this is listed in 
Table [1] together with values derived for other quiescent X-ray 
fi-ansients. In Fig.|5]we compare t hese values with those of ch ro- 
mospherically active single stars dLopez-Santiago et al.ll201()l in 
press) and bi n ary sy stems (RS CVn and BY Dra classes) from 
iMontes et alJ (Il995h . Our value of the Rossby number places 
the secondary star of A0620-00 in the region of activity satu- 
ration, where all measurements tend to the same average value 
of log Riia ~ -3.7, and is consistent with the general trend. The 
other X-ray binaries show similar results, except for the black 
hole X-ray binary Nova Scorpii 1994 which displays a too large 
Rua value for its relatively low Rossby number This is even 
more evident when comparing the Ha fluxes, with log F^a ~ 7.9 
for Nova Scorpii 1994, significantly higher, by almost one order 
of magnitude, than the saturation level at log Fua ~ 6.9. In ad- 
dition, D'Avanzo et al. (2005) also suggested that the Ha EW of 
the secondary star in Cen X-4 is correlated with the veiling of 
the accretion disk (see Tab le [B, by comparing their values with 
those given bv lTorres et al.l (|2002). Although this is not expected 
in a chromospheric activiy scenario, the two Cen X-4 points in 
Fig.|5]fall in the saturation region, together with other X-ray and 
chromospherically active binaries. The behaviour seen in Nova 
Scorpii 1994 and Cen X-4 suggests that rapid rotation might not 
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be the only explanation for the narrow Ha feature, at least in 
these LMXBs, but perhaps a combination of rotation and repro- 
cessing of X-ray flux from the accretion disk into Ho' photons in 
the secondary star. Hence, it is worth investigating in A0620-00 
if X-ray heating could be an alternative explanation for this fea- 
ture. 

The system A0620-00 has been observed in quiescence with 
the Chandra X-ray satellite, providing a 0.5-10 KeV unabs orbed 
flux Fx,o = 6.7+0;^ x lO '^ erg cm ^ s ^ dGallo et al.ll2006h . 

The X-ray flux at the stellar surface can be computed as 
Fx,* = Fxfi(d/a)^ = 9.5 x 10'' erg cm"^ s"', where we 
have adopted an orbital separation a = 4.47 and a dis- 
tance li = 1.2 kpc. This means that almost 92% of the inci- 
dent X-ray radiation would have to be reprocessed to Ha pho- 
tons in o rder to power the observed Ha emission. Following 
iHvnes et al. (2002), Fna,* - fifiFx.*, where fi is the frac- 
tion of X-ray emission intercepted by the companion, i.e. the 
solid angle subtended by the companion from the compact ob- 
ject (/i = IRj, /(2a)] ^), and f? $ 0.3 i s the fraction of input en- 
ergy emitted in Ha jHvnes et al.' 2002, and references therein). 
Adopting R-i, - 1.1 R© from Gonzalez Hernandez et al. (2004), 
we obtain Fua,* ^ 4.5 x 10^^ Fx,*- This number is significantly 
lower than the observed value, what indicates that the incident 
X-ray irradiation is n ot enough to produce the narrow Ha line 
in the secondary star. D' Avanzo et al.l (1200 5) also derived these 
quantities for the case of the neutron star binary Cen X-4 and 
found both estimates to be consistent, due to the fact that the 
X-ray flux in Cen X-4 is fx,cenX-4 = 5 x 10^ erg cm"^ s"\ i.e. 
almost two order of magnitude higher than in A0620-00. 

There is still a remote posibility that the source of irradiat- 
ing photons is hidden away in the EUV (Extreme UV) energy 
range, between 100-1200 A. Although this energy range is not 
directly observed, we can roughly guess how much flux is in- 
volved through interpolating the nearby soft X-ray and Far-UV 
(FUV) emission. The Far-UV flux (in flie range 1350-2200 A) 
has been determined at Fpuv.o - 0.2 - 1.4 x 10"'-^ erg cm"^ s"^ 
dMcClintock et al. 1995|), i.e. similar to the X-ray flux. This 
together with the abs ence of Hen /1468 6 A line emission in 
the optical spectrum (Marsh et alJll99 4}) suggests that flux in 
the EUV should be of the order of 10 erg cm"^ s Even 
if we consider all the ionizing photons (X-ray-nEUV+FUV), 
the total flux would be roughly three times the X-ray flux, i.e. 
~ 2 X lO"'"* erg cm"^ s"'. Therefore, if we assume that the inci- 
dent irradiation is Fx-uv,* - 3 Fx,*, then the 3 1 % of the incident 
radiation would have to be reprocessed to Ha photons in order to 
power the observed Ha emission, which still is a too large frac- 
tion compared to the fraction previously estimated to be bellow 
1%. 



7. Summary 

We have presented high-resolution UVES/VLT spectroscopy of 
the black hole binary A0620-00 at quiescence. Ou r orbital pa- 
ramete rs a re consistent with p revious studies by iMarsh et al] 
d 19941) andl Neilsen etal.l (|2008|) . In particular, we derive forb - 
0.32301405(1) d and K2 = 437.1 + 2.0 kms"'. These values, 
together with the mass ratio q - M2/M1 - 0.062 + 0.010, im- 
plies a minimum mass for the compact object of Mi sin"' / - 
3.15 + 0.10 Mo. 

We also performed a Doppler tomography of the accretion 
disk emission and we discover emission at the position of the 
secondary star in the Doppler maps of Ha and H/3, not detected 
in previous studies. We isolate the chromospheric Ha emission 



from the secondary star and measure an equivalent width of 
2.82 + 0.34 A. This equivalent width is too large to be explained 
by X-ray and/or UV irradiation from the inner accretion disk 
and, therefore, chromospheric activity, induced by rapid rota- 
tion, seems the most likely origin of this feature in the black 
hole binary A0620-00. 
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